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The recently released Recommended Dietary Allowance of vitamin
C for women, 75 mg daily, was based on data for men. We now
report results of a depletion–repletion study with healthy young
women hospitalized for 186 1y2 28 days, using vitamin C doses of
30–2,500 mg daily. The relationship between dose and steady-
state plasma concentration was sigmoidal. Only doses above 100
mg were beyond the linear portion of the curve. Plasma and
circulating cells saturated at 400 mg daily, with urinary elimination
of higher doses. Biomarkers of endogenous oxidant stress, plasma
and urine F2-isoprostanes, and urine levels of a major metabolite
of F2-isoprostanes were unchanged by vitamin C at all doses,
suggesting this vitamin does not alter endogenous lipid peroxida-
tion in healthy young women. By using Food and Nutrition Board
guidelines, the data indicate that the Recommended Dietary Al-
lowance for young women should be increased to 90 mg daily.

In April 2000, Recommended Dietary Allowances (RDAs) for
vitamin C (ascorbic acid) were released by the Food and

Nutrition Board, U.S. National Academy of Sciences (1). The
recommendations are for the U.S. and Canada. On the basis of
new Food and Nutrition Board guidelines, the RDAs were
calculated from estimated average requirement (EAR) values,
those estimated to meet the nutrient requirement of half the
individuals in a group (2). The EAR for vitamin C was selected
as 80% saturation of neutrophils with little urinary loss (1). For
men, an EAR of 75 mg daily was determined from depletion–
repletion data (3). On the basis of this value, the RDA for men
was increased from 60 to 90 mg daily (1). Because similar data
were not available for women, an EAR had to be extrapolated
on the basis of body weight differences between sexes, and an
RDA of 75 mg daily was derived (1).

On the basis of depletion–repletion data for men (3), recom-
mended daily vitamin C intake was increased to 100 mg in
Germany, Switzerland, Austria, and Japan, and to 110 mg in
France (4–6). Because of absence of data for women, vitamin C
intake in these countries was recommended as the same for both
sexes.

We now present data that can be used to calculate a new RDA
specifically for young women (1, 3). By using an inpatient
depletion–repletion design, vitamin C in healthy young women
subjects was measured at steady state for each of seven doses in
plasma, circulating cells, and urine. Also measured were effects
of vitamin C concentrations on lipid peroxidation in vivo (7).

Experimental Methods
Study Design. The study (DK92–0032) was approved by the
Institutional Review Board, National Institute of Diabetes and
Digestive and Kidney Diseases, National Institutes of Health.
Written informed consent was obtained from enrolled women.

Study design and diet, subject recruitment, vitamin C mea-
surements, and calculation of steady state are described in detail
(3, 8). Women selected by thorough preadmission examination
were hospitalized on an endocrinology–metabolism ward for
control of nutrient intake. Subjects were usually hospitalized two
at a time, sharing a standard hospital room.

Subjects consumed a vitamin C-deficient diet, providing ,5

mg daily, for the entire hospitalization (8). Personal food
preferences were chosen from 14 different daily menus with
.300 items. At least 234 menu items contained no vitamin C. Of
the 56 items containing vitamin C (0.1–2.4 mg), 5 were not
prepared or prepackaged as individual portions. These items
were measured to a specified gram weight when served. Menus
were selected 1 day in advance by each subject and scanned by
computer to generate a nutrient limit report for vitamin C. When
the 5.0-mg daily maximum for vitamin C was exceeded, selec-
tions were revised. Meals were delivered to the nursing unit and
on completion returned to the kitchen for observational and
weighed measurements. By these means, vitamin C intake from
foods was determined at every meal for every subject and was
less than 5 mg daily. Food content and dietary intakes were also
monitored for 16 other nutrients, energy, protein, fat, and
saturated fat. Vitamin and mineral deficiencies were prevented
by supplement administration, so that only vitamin C intake was
restricted.

Subjects selected were in good health and had no prior history
of smoking, regular use of medications or dietary supplements,
or habitual alcohol consumption. During the study, subjects did
not consume alcohol, cigarettes, or regular medications. The
only vitamin and mineral supplements consumed were those
given with the deficiency diet.

On hospitalization, consumption of the study diet caused
vitamin C depletion. At plasma concentrations #8 mM, subjects
were depleted, without signs of scurvy. Neutrophils were isolated
to measure vitamin C content (9), plasma samples were collected
for F2-isoprostanes as a biomarker of in vivo lipid oxidation (7),
and 36-h bioavailability sampling for vitamin C, 15 mg, was
performed. Twenty-four-hour urine samples were collected to
measure excreted vitamin C, creatinine, F2-isoprostanes, F2-
isoprostane-M (a major urinary metabolite of F2-isoprostanes),
and other metabolites. Vitamin C, 15 mg twice daily, was then
administered until subjects achieved steady state for this dose (30
mg daily). Thirty-six-hour bioavailability sampling for this daily
dose was performed, and subjects underwent apheresis (cell
separation) to obtain monocytes, lymphocytes, and platelets for
analyses of vitamin C content (3, 10, 11). After twenty-four-hour
urine samples were collected and samples obtained for neutro-
phils and plasma F2-isoprostanes, the vitamin C dose was
increased and the sequence repeated at the new dose. This study
design allowed subjects to receive in succession daily vitamin C
doses of 30, 60, 100, 200, 400, 1,000, and 2,500 mg, with
bioavailability sampling for vitamin C doses of 15, 30, 50, 100,
200, 500, and 1,250 mg. Vitamin C in water, pH adjusted to 6.5,
was administered as half the dose twice daily in the fasting state,
at least 2 hours before breakfast and dinner. Pure vitamin C
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powder was a gift from Takeda Vitamin and Food, Wilmington,
NC. Batches prepared for clinical use were routinely assayed for
purity and stability, as described (3).

Fifteen healthy women were studied as inpatients. Women
were nonsmokers, ages 19–27, with Body Mass Index of 22.3 6
2.7 kgym2, height 162.8 6 6.1 cm, and weight 59.1 6 8.7 kg
(mean 6 SD). Data were not available for all subjects at all doses
because of inability of some subjects to remain hospitalized for
the entire time required, i.v. access limitations, or inadvertent
nursing errors or sample loss. No effect of menses on pharma-
cokinetics data was apparent. Plasma F2-isoprostanes were
available only for seven subjects because of the specific collection
method required.

Assays. All vitamin C measurements used HPLC with coulomet-
ric electrochemical detection, as explained previously (3), in-
cluding conditions for sample processing, storage, intraassay
stability, deproteinization, sensitivity, and specificity (3, 12, 13).
Vitamin C samples were analyzed in triplicate, SD , 5% of the
mean. Plasma data represent fasting morning samples.

For measurement of plasma F2-isoprostanes, blood obtained
from fasting subjects at steady state was slowly drawn into
Ca-EDTA glass tubes and immediately centrifuged to obtain
plasma, which was immediately frozen in liquid nitrogen until
F2-isoprostanes were analyzed as described (7). F2-isopros-
tane-M was measured in aliquots from 24-h urine collections at
steady state for each dose by gas chromatographyynegative ion
chemical ionization mass spectrometry (14, 15). Urine F2-
isoprostanes were analyzed as described (7).

Results
To obtain data over the dose range, subjects were hospitalized
for 186 1y2 28 days. Plasma vitamin C concentrations at all
doses are shown (Fig. 1A). Subjects required different amounts
of time to achieve steady state at doses ,100 mg daily. Gaps are
displayed between doses, because some subjects remained at a
dose longer than others. Every subject achieved steady state at
each dose before the dose was increased. Steady-state plasma
concentration was defined as the mean of at least 6 samples over
at least 7 days with less than 10% standard deviation. The first
sample included in the steady-state calculation was .90% of the
mean (3). An example of a steady-state plasma concentration is
shown (Fig. 1B) in one subject for 60 mg, administered as 30 mg
twice daily. Eight-five percent of steady-state plateau values
were based on seven or more plasma samples obtained over more
than 1 week (Fig. 1 A and B).

Plasma and tissue steady-state concentrations of vitamin C for
each dose in every available subject were determined and
displayed as a function of dose. There was a sigmoid relationship
between dose and plasma concentration, with a linear relation-
ship at doses 30–100 mg daily, and plasma saturation occurred
between 200 and 400 mg daily (Fig. 1C). The first dose beyond
the linear portion of the curve was more than 100 mg daily,
producing a plasma concentration similar to Vmax of the human
sodium-dependent vitamin C tissue transporter (SVCT2) (16–
18). Vitamin C concentrations were determined at steady state
over the dose range in neutrophils, monocytes, lymphocytes, and
platelets (Fig. 2; Table 1). As for plasma, most cells saturated
between 200 and 400 mg daily.

Vitamin C urinary excretion was measured at steady state for
each dose (Fig. 3). The excretion threshold was between 60 and
100 mg daily. With i.v. administration, the entire dose was
excreted at the 500- and 1,250-mg doses, and fractional excretion
was '1.0. Bioavailability, or gastrointestinal absorption, presum-
ably declined at vitamin C doses above 200 mg (3, 19), which may
explain why at oral doses of 500 mg and 1,250 mg, urine excretion
was less than that of the corresponding i.v. dose. These data
indicate that renal reabsorption and excretion are partially

Fig. 1. Vitamin C plasma concentration as a function of dose in women. See
Experimental Methods for details. (A) Vitamin C concentrations as function of
days at dose. Doses are indicated (Top). Each symbol represents a different
subject. There is a 1-day gap between all doses for bioavailability sampling.
Doses through 200 mg daily were received by 15 subjects, through 1,000 mg
daily by 13 subjects, and through 2,500 mg by 10 subjects. (B) Steady-state
vitamin C concentrations in plasma. Data show determination of steady state
for one subject at 60 mg daily. (C) Steady-state vitamin C concentrations in
plasma for subjects (in A) as a function of all doses, mean 6 SD.
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responsible for tight control of vitamin C plasma concentra-
tions (19).

Vitamin C inhibits lipid peroxidation in vitro (20). At steady
state for each vitamin C dose, plasma F2-isoprostanes were
measured as a biomarker of endogenous lipid peroxidation in
vivo (7). No significant relationship between vitamin C dose and
plasma F2-isoprostanes was apparent (P1 5 0.15 by analysis of
variance; Fig. 4A), although there was a possible inverse rela-
tionship for some individual subjects. Plasma samples were
available from only seven subjects, and analysis of variance might
have decreased power for detecting trend with this limited
sample number (21). Therefore, as a second measure of lipid
peroxidation in vivo, we quantified a major human urinary
metabolite of the F2-isoprostanes, 2, 3-dinor-5, 6-dihydro-15

F2t-isoprostane (F2-isoprostane-M), using a highly precise and
accurate mass spectrometric assay (14, 15). Analogous to the
quantification of endogenous production of other eicosanoids,
measurement of urinary metabolites of F2-isoprostanes likely
provides the most reliable index of systemic production of these
compounds (22, 23). F2-isoprostane-M was measured in 24-h
urine samples from all available subjects at steady state for each
vitamin C dose. There was no significant relationship between
vitamin C dose and urine F2-isoprostane-M (P1 5 0.40 by
analysis of variance; Fig. 4B). As an additional measure of lipid
peroxidation in vivo, we quantified urine F2-isoprostanes and
found no relationship between this compound and the vitamin

Fig. 2. Intracellular vitamin C concentrations (millimolar) in circulating cells
as function of dose. Neutrophils (}), monocytes (�), platelets (F), and lym-
phocytes (■) were isolated when steady state was achieved for each dose. For
neutrophils, samples were available from 13 subjects at doses 0–200 mg daily,
from 11 subjects at doses 400 and 1,000 mg daily, and from 10 subjects at 2,500
mg daily. For lymphocytes, monocytes, and platelets, samples were available
from 13 subjects at 30 mg daily, from 12 subjects at 60 mg daily, from 6 subjects
at 100 mg daily, from 2 subjects at 400 and 1,000 mg daily, and from 9 subjects
at 2,500 mg daily. Data are mean values 6 SD.

Table 1. Intracellular ascorbic acid concentrations, mM, in neutrophils as a function of dose

Subject

Vitamin C dose, mgyday

5 30 60 100 200 400 1,000 2,500

1 0.39 0.90 0.97 1.05 1.03 1.10 1.12 1.27
2 0.50 0.66 0.82 0.91 0.93 1.07 1.10 1.21
3 0.58 0.79 1.22 1.09 1.24 1.37 1.23 NA
4 0.61 0.61 1.02 1.11 1.15 1.21 1.20 NA
5 0.72 0.79 1.30 1.46 1.60 1.61 1.81 1.79
6 0.80 0.86 1.67 1.52 1.82 2.04 1.80 2.03
7 0.37 0.51 0.96 1.00 1.03 1.07 1.00 1.04
8 0.55 0.61 1.19 1.22 1.04 1.47 1.68 1.56
9 0.73 0.75 1.01 1.20 1.45 1.41 1.46 1.22

10 0.49 0.77 0.94 1.13 1.22 0.96 1.09 1.36
11 0.23 0.63 0.96 1.25 1.02 NA NA NA
12 0.22 0.58 0.98 1.03 1.46 1.08 1.11 1.19
13 0.44 0.49 0.96 1.19 1.08 NA NA 1.10
Median 0.50 0.66 0.98 1.13 1.15 1.21 1.20 1.25
Mean 0.51 0.69 1.08 1.17 1.24 1.31 1.33 1.38
SD 0.18 0.13 0.22 0.17 0.27 0.32 0.30 0.32

NA, not available.

Fig. 3. Urinary vitamin C excretion as a function of single vitamin C doses at
steady state. Vitamin C excretion over 24 h was determined after administra-
tion of single doses given either orally (E) or intravenously (F). Data indicate
mean values 6 SD. (Inset A) Vitamin C excretion for single oral (E) or intra-
venous (F) doses of 15–100 mg. x axis indicates dose, and y axis indicates
amount (milligrams) excreted in urine. (Inset B) Fractional excretion (the
fraction of the dose excreted) after i.v. administration of single doses of
vitamin C. x axis indicates dose, and y axis indicates fractional excretion
(vitamin C excreted in urine in milligrams divided by the vitamin C dose in
milligrams). Data from oral and i.v. administration were available from 11
subjects at doses 15, 30, 50, and 200 mg, from 10 subjects at 100 mg, from 8
subjects at 500 mg, and from 9 subjects at 1,250 mg.
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C dose (data not shown). Taken together, the findings suggest
that vitamin C does not affect isoprostane formation in vivo in
young healthy women.

Discussion
The data in this paper describe, to our knowledge for the first
time, the relationship between vitamin C doses and steady-state
concentrations in healthy young women, by using a dose range
of 30–2,500 mg. In plasma, there was a steep sigmoidal rela-
tionship between vitamin C doses and resulting concentrations
for doses of 30–100 mg daily, with an approximate 5-fold
increase in plasma concentration over this dose range. At doses
of 200 mg daily and higher, there was little change in plasma
concentrations, with saturation between 200 and 400 mg daily.
Circulating neutrophils, monocytes, and lymphocytes contained
0.5–4.0 mM concentrations of vitamin C and also saturated
between 200 and 400 mg daily. At doses of 400 mg daily and
higher, vitamin C plasma concentrations did not increase, in part
because of increasing vitamin C excretion in urine. In contrast
to in vitro observations (20), in vivo F2-isoprostanes in plasma

and urine and a urine F2-isoprostanes metabolite were un-
changed at all vitamin C doses.

On the basis of criteria for ideal vitamin C intake (24), these
data provide evidence that the recent RDA of 75 mg for young
women should be increased. This RDA is on the steep linear
portion of the sigmoid dose curve for plasma, where small dose
changes cause large changes in plasma concentration. The first
dose beyond the linear portion of the sigmoid dose curve is above
100 mg daily, yielding a plasma concentration at which the
vitamin C transporter SVCT2 should function at or near Vmax
(16–18). There are no certain health benefits for vitamin C alone
except to prevent scurvy, but foods containing vitamin C confer
benefit, specifically fruits and vegetables. Increased fruit and
vegetable intake is associated with decreased mortality (25). Five
or more daily servings are associated with decreased cancer
incidence and provide '210 mg of vitamin C daily (24). Con-
sistent with these observations, data here show that daily vitamin
C intakes of 100–200 mg produce near saturation of plasma and
tissues. Vitamin C, 200 mg daily, from fruits and vegetables
might be needed in place of 100 mg of pure vitamin C, as it is
possible that bioavailability from foods is less than that from
pure vitamin C (24, 26).

A new RDA for young women can be calculated from these
data, by using Food and Nutrition Board guidelines and on the
basis of determination of an EAR. By using the same criteria as
for men, we calculate the EAR for young women to be 60 mg
daily. This dose produces a median of '80% vitamin C satura-
tion of neutrophils, or 0.98 mM, compared with 1.3 mM at
saturation (Table 1) (1). These values, virtually identical to those
selected for men, have the advantage of being based on a
measured standard deviation (20.4%) (Table 1) rather than an
assumed one (1). At the 60-mg daily dose, there is also minimal
urine excretion (Fig. 3). The RDA 5 EAR 1 (EAR 3 2 SDs
expressed as percent of EAR) (1, 2), or 85 mg. Because some
patients at 60 mg are below the urine threshold for vitamin C
excretion, the RDA can be rounded up to 90 mg for young
women.

On the basis of these calculations, RDAs for men and young
women become equal (1). However, identical RDAs are unex-
pected given sex differences in lean body mass, total body water,
and body size. A possible explanation is that the RDA for men
was underestimated. The RDA for men was determined by using
an assumed standard deviation of 10% for their EAR. On the
basis of Food and Nutrition Board curve fitting calculations
using the data, a standard deviation of 19.4% was determined (1,
3). By using this standard deviation rather than 10%, the RDA
for men becomes EAR 1 (EAR 3 2 SDs) 5 EAR 1 38.8%
EAR 5 75 mg 1 29.1 mg 5 104.1 mg. By examining neutrophil
data for both men and young women, it is seen that an assumed
standard deviation of 10% may be too low.

The data show there is tight control of vitamin C concentra-
tions in healthy young women, as in men. Over the narrow dose
range of 30–100 mg, vitamin C concentrations increased sub-
stantially in both plasma and cells. At these doses, interindividual
differences in time to reach steady state may have been because
of differences in absorption, distribution, body size, catabolism,
or reutilization (vitamin C recycling) (27, 28). At higher doses,
plasma and cell concentrations were changed minimally, pre-
sumably because of urine excretion of the absorbed dose and
saturation of the cell transporter SVCT2. Compared with men
(3), some data for young women are different. By repeated
measures analysis of variance, young women had higher plasma
(P2 , 0.01) vitamin C concentrations than men at some doses.
These differences were seen at doses of 30–100 mg daily but
disappeared at higher doses. One explanation for this finding is
that body size and composition are determinants of distribution
volume. At doses below saturation, women would have lower
volumes of distribution and hence higher circulating concentra-

Fig. 4. (A) Plasma F2-isoprostanes from all available subjects as a function of
vitamin C doses at steady state. Plasma F2-isoprostanes were available in seven
subjects. All available data are shown; each symbol represents a different
subject, and the bold lineysymbol indicate mean F2-isoprostanes. (B) Urine
F2-isoprostane-M as a function of vitamin C dose at steady state. Samples at
doses 0–200 mg daily were available from 15 subjects, at doses 400 and 1,000
mg daily from 13 subjects, and at 2,500 mg daily from 10 subjects. Data
indicate mean values 6 SD.
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tions. The data here are from young women. It is unknown
whether age or illness alters the dose–concentration relation-
ships, and why vitamin C is so tightly controlled. Tight control
could maximize biological benefits while preventing possible
oxidative damage at higher concentrations (29), although the
data here show that isoprostane formation in healthy young
women is unaffected by vitamin C.

Dietary antioxidants have become increasingly linked to hu-
man health and disease (30). Studies of vitamin C dose–
concentration relationships and functional consequences are
needed in patients with diabetes, hypertension, hyperlipidemias,

renal failure, and chronic heart disease, as well as in smokers, the
elderly, and those at risk for infection.
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